Introduction
A productive strategy in the crystal engineering is to build supramolecular structures from molecules that are programmed to engage in multiple interactions with the neighbours [1] [2] [3] . Hydrogen bonding system is the main key for organisation of molecules containing complementary arrays of the hydrogen bonding sites [4] [5] [6] [7] [8] . The NAHÁÁÁN, NAHÁÁÁO, and OAHÁÁÁO hydrogen bonds are widely used for organisation of the components in the design of a large number and different types of supramolecular architectures as ribbons, rosettes, layers, tubes, rods, spheres and sheets [9] [10] [11] [12] [13] [14] . Some supramolecular motifs of hydrogen bonding patterns of symmetric and translational repetitive occurrence are important in the crystal and chemical engineering and technology [15] . The usually weak CAHÁÁÁN and CAHÁÁÁO hydrogen bonds play also a significant role in the architectures, especially in the biological systems [16] [17] [18] . A non-covalent association of proteins, formation of a phospholipid bilayer, interaction of a transcription factor with DNA, folding of a tRNA into its three-dimensional conformation are examples of processes that depend on the non-covalent interactions and organisations [18] .
Melamine is an example of a compound containing complementary arrays of hydrogen bonding sites that forms in the solid state a two dimensional network (Scheme 1a). Protonation of its triazine ring decreases the number of the active sites resulting in decreasing of the dimensionality of the arrangement; for example singly protonated melaminium cations form one-dimensional hydrogen bonded chains (Scheme 1b), while double protonated melaminium cations form only a dimeric structure (Scheme 1c). Our interest in melamine and its complexes or salts arises from the possibility to obtain a new material for non-linear optics. Crystals of melaminium selenate with non-centrosymmetric space group are optically active and generate the SHG (second harmonic generation) with c.a. 40% efficiency of KDP (KDP = KH 2 PO 4 ) [19] . High efficiency of SHG is observed in the crystals of double protonated melaminium bis(trichloroacetate) dihydrate (about 3-times greater than that of KDP) [20] . Another non centrosymmetric crystal of melaminium phosphate may also be used as a material for non-linear optics [21] . One of the most interesting hydrogen bonded structure formed by melamine is with cyanuric and thiocyanuric acids [22] . In both co-crystals of the 1:1 hydrogen bonded adducts of melamine (M) and cyanuric acid (CA) or thiocyanuric acid (TCA) form pseudohexagonal rosette arrangement with channels along the shortest crystallographic axis [22] .
Compounds containing partially protonated melaminium cations (MH + , MH 2 2+ ) combined with different organic and inorganic counterions are widely reported in the literature [23] [24] . In studies of the crystalline melamine and its organic or inorganic salts, the most crystals contain only one melamine form, i.e. the neutral molecule, singly or doubly protonated melaminium cations [25] , and only two works reporting the crystalline structure of neutral and protonated melminie (M and MH + ) [26, 27] . In the present work we describe two co-crystals containing protonated (MH  + ) and non-protonated melamine: melamine-melaminium 3,4,5-trihydroxybenzoate dihydrate (1) and melamine-melaninium Another feature observed in several structures containing the melaminium cation concerns its tendance to dimerization; generally pairs of MH + units are linked via two almost linear N amine AHÁÁÁN aza hydrogen bonds to form a planar dimer [25] . The question if these dimers will provide formation of especially long ordered arrangement in the crystals like 1D polymeric chains or tapes, or even 2D layers, depends not only on the surrounding counterions and water molecules, but also on the site of the protonation within the triazine ring relative to the dimer as a building unit. In the present study we attempt to answer the crucial questions concerning the competitive forces toward the stabilization of the crystal structures, such as the p-p interactions, the attractive and repulsive Coulomb forces and the participation of aza and amine nitrogen sites. The role of water molecules in formation of short and long ordered molecular arrangements is also discussed. For completeness, in each case the building units in the asymmetric unit of 1 and 2 are optimized and theirs geometries are analysed in relation to those in the crystal.
Experimental
All materials were commercially available and used as received. The Fourier transform infrared spectra were recorded from nujol mulls between 400 and 4000 cm À1 on a Bruker IFS 113 V FTIR spectrometer at room temperature. Elemental analyses were carried out with a Perkin-Elmer 240 elemental analyzer. Thermogravimetric analyses (TGA) were performed under dinitrogen atmosphere using a Perkin-Elmer 7 thermogravimetric analyzer with a heating rate of 5°C min. The co-crystals were prepared as follows.
Preparation of (1)
Melamine and 3,4,5-trihydroxybenzoic acid (Aldrich, purity: 99% and 98%) were solved in hot water in 1:1 molar ratio. The hot solution was cooled slowly and kept at room temperature. After several days transparent yellowish crystals were formed. Anal. calculated for C 13 
Preparation of (2)
Melamine and 2-acetylbenzoic acid (Aldrich, both purity of 99%) were solved in hot water in 1:1 molar ratio. The hot solution was cooled slowly and kept at room temperature. After several days transparent yellowish crystals were formed. Anal. calculated for C 15 
X-ray single crystal analysis
X-ray intensity data for both crystals were collected using graphite monochromatic MoKa radiation on a four-circle j-geometry KUMA KM-4 diffractometer with a two-dimensional area CCD detector. The x-scan technique with Dx = 0.75°for each image was used for data collection. The 960 images for six different runs covering over 95% of the Ewald sphere were performed. Initially the lattice parameters were refined on 150 reflections obtained from 40 images for eight runs with different orientation in the reciprocal space. Finally the lattice parameters were refined by least-squares methods based on all the reflections with I > 2r(F 2 ). One image was used as a standard after every 40 images for monitoring of the crystal's stability as well as for monitoring the data collection, and no correction on the relative intensity variation was necessary. Integration of the intensities, correction for Lorenz and polarization effects was performed using a KUMA KM-4 CCD program [28] . The face-indexed analytical absorption was calculated using the SHELXTL program [29] . The structures were solved by direct methods using SHELXS of the SHELXL97 program [30] . The structures were refined with the anisotropic thermal parameters for all non-hydrogen atoms. Difference Fourier maps gave electron density concentrations approximately located for all hydrogen atoms positions; these positions were idealised (HFIX 43 for all H atoms of the phenyl rings with isotropic thermal parameters of 1.2U eq of the carbon atoms joined directly to the hydrogen atoms). Final difference Fourier maps showed no peaks of chemically significance. Details of the data collection parameters and final agreement factors are collected in Table 1 . Selected bond lengths and angles and torsion angles are listed in Table 2 .
Quantum calculations
Ab-initio molecular orbital calculations full geometry optimisation were performed with the Gaussian98 program package [31] . All calculations were performed by the density functional threeparameters hybrid (B3LYP) methods [32, 33] with the 6-31G(d,p) basis set starting from the X-ray geometry. As convergence criterions the threshold limits of 0.00025 and 0.0012 a.u. were applied for the maximum force and the displacement, respectively.
Results and discussion
The crystallizations of melamine in hot water solution of 3,4,5-trihydroxybenzoic acid as well as in 2-acetylbenzoic acid were carried out in a 1:1 molar ratio, but the formed crystals contained 2:1 ratios of melamine to carboxylic acid. The crystallizations were also performed in a molar proportion of 2:1, but the formed crystals were not suitable for the X-ray analysis. In both co-crystals, the carboxylic proton is transferred to the melamine molecule leading to singly protonated (MH (8)) is one of the 24 most frequently observed bimolecular cyclic hydrogen-bonded synthons in organic crystal structures [34, 35] .
The asymmetric unit of 1 consists of a melamine molecule (M), a protonated melaminium (MH + ) cation, a 3,4,5-trihydroxybenzoate (THB -) anion, and two water molecules (O6 and O7), (Fig. 1a) , and the asymmetric unit of 2 consists of the melamine molecule, a protonated melaminium cation, 2-acetyl-benzoate (AB À ) anion, and two water molecules (O4 and O5), (Fig. 1b) . A search in the Cambridge Structural Data Base for structures containing melaminium residues yield 26 structures of single-protonated, four structures of double-protonated melamine residues and only three structure containing neutral melamine and singly protonated melamine [25] [26] [27] . Thus the structures described here are rare examples of both neutral (M) and protonated (MH + ) units co-existing in the same environment. In nearly all cases, as in the present work, the triazine rings of M + and M are almost planar, but the bond lengths and especially the internal angles within the rings deviate significantly from the ideal hexagonal form. A correlation between the N ring AC bond lengths and their position in relation to the protonated nitrogen atom in the ring is observed (see Table 2 ). For example, generally the non-protonated NAC bond values are within the expected range for C ar AN, 1.328(2) to 1.348(2) Å [36] , while the protonated N ring AC bonds are slightly above of this range. The internal CANAC bond angles at the protonated nitrogen atom is about four degrees larger than at the non-protonated nitrogen atoms. The differences between the internal CANAC angles within the protonated melaminium ring are in agreement with the valence-shell electron-pair repulsion model, VSEPR [37] , according to which the lone pair on non-protonated aza nitrogen atoms afford a wider region than the covalent bond N prot AH, causing the internal angle of the last to be greater than on the nonprotonated N ring atoms. As a result of the protonation of the melamine ring at one of three N atoms, the internal NACAN angle involving nonprotonated N atoms is significantly greater than the remaining two NACAN angles involving protonated and non-protonated N atoms. The ab-initio gas-phase geometry calculated for isolated melamine molecule and it's singly protonated cation shows similar correlation between the internal CANAC and CANAC angles within the rings as found in these crystals (Table 2) . Thus the ring distortions of MH + in comparison to M result mainly from the protonation, and to a lesser degree, from the hydrogen-bonding system and crystal packing forces. The whole THB À anion in the crystal of 1 is almost planar. The greatest deviations from the mean plane defined by the benzene ring are 0.061(2) Å for C7 and 0.194(2) Å for O2 atoms. All of the CÁÁÁC bond distances within the ring are in the range from 1.375(2) to 1.391(2) Å, and the internal angles are slightly different from 120°, and they agree well with the average geometry parameters observed in aromatic organic compounds [34] . Furthermore, the hydroxyl groups are bonded to C ar atoms through the typical single-bond value with the average of 1.370 Å. A weak intramolecular O4AH4ÁÁÁO3 hydrogen bond is observed (O4AH4ÁÁÁO3, with a O4ÁÁÁO3 distance of 2.701 (2) [36] indicating delocalization of the charge on both oxygen atoms of the COO À group. However, the small difference between the two CAO distances results from the hydrogen bonds, in which the O atoms act as acceptors H. The oxygen of the longer CAO bond is involved in two stronger hydrogen bonds, while the second oxygen is also involved in two hydrogen bonds, but they are weaker (see Table 3 ). Comparison of the X-ray experimental and gas-phase molecular orbital geometries of the TBA -anion
shows that the greatest differences are observed in the OACAO angle of the COO À group and in the C ar ACOO À bond length ( Table 2 ).
The shortening of the C ar ACOO À bond and decreasing of the OACAO angle in the crystal geometry in relation to MO geometry is probably due to the interactions with the neighbourhood by almost linear NAHÁÁÁO and OAHÁÁÁO hydrogen bonds that diminish the steric effect of the lone-pairs of electron on both O atoms of the COO À group in the crystals.
The benzene ring (mean plane P1: C1-C6) of the AB À anion in the crystal of 2 is planar. The acetyl C8 and carboxyl C7 atoms are bonded to the benzene ring on C2 and C1, respectively, with the C ar -C8 and C ar -C7 bond lengths of 1.487(2) and 1.510(2) Å, typical values for C ar AC single bonds [36] . Due to the repulsive interaction between acetyl and carboxyl groups, C8 and C7 atoms deviate from the mean plane of benzene ring by 0.101(2) and 0.050(2) Å respectively, while the C1AC2 bond (1.405(2) Å) is longer than the remaining CAC bonds within the ring (average value of 1.387 Å). The charge of deprotonated carboxyl group is delocalized over both CAO bonds. However, the slight difference in the CAO bond lengths of the COO -group results from the different involvement in the NAHÁÁÁO and OAHÁÁÁO hydrogen bonds. The C@O bond length in the acetyl group shows a typical value (1.224(2) Å) observed for the carbonyl groups [36] . The X-ray values of CAO bonds compare well with the values obtained by molecular orbital calculations. When the conformations in the gas-phase and in the crystal are compared, different orientations of the acetyl (plane P2: C8, O3, C9) and carboxyl (plane P3: C7, O1, O2) groups around single bonds of C2-C8 and C1-C7, respectively, appear. The X-ray interplanar angles between planes P1, P2, and P3 are: P1P2 = 19.1(2)°, P1P3 = 76.5(2)°, and P2P3 = 71.5(2)°, while in the gas-phase conformation the respective angles are: P1P2 = 112.5°, P1P3 = 6.4°, and P2P3 = 110.5°. Thus in the gas phase conformation, the carboxylate group is almost coplanar with the benzene ring, while the carbonyl is oriented to enable interaction between one H methyl hydrogen and one carboxyl oxygen. In the crystal, the carboxylate group adopts rather an nearly orthogonal conformation in relation to the benzene ring, while the carbonyl double bond of acetyl group is almost eclipsed to the C ring ACOO single bond. Despite this unusual internal conformation in the crystal, the oxygen atoms are involved in up to six hydrogen bonds toward melamine dimers and water molecules, which probably compensates the carbonyl-carboxyl steric and repulsion interactions. The crystal packing of compounds 1 and 2 show rich set of the NAHÁÁÁN, NAHÁÁÁO and OAHÁÁÁO hydrogen-bonding systems (Table  3 ) and p-p interactions between the aromatic rings. The best way to realize such complex 3D crystal architectures is to analyse the substructures generated by basic synthons, as shown in Scheme 2. The interactions between these basic units lead to formation of stacks, chains, layers, tapes and channel patterns, developing interesting supramolecular 3D architectures.
The synthon MH + M (Scheme 2a) is observed in the crystal structure of 1 as shown in Fig. 1a . They form a cationic layer nearly parallel to the crystallographic plane of (100) at x = ÁÁÁ 1 = 4 , 3 = 4 ÁÁÁ (Fig. 2a) . The protonated and non-protonated melamine units are interconnected by two almost linear NAHÁÁÁN hydrogen bonds, N17AH17AÁÁÁN25 and N29AH29AÁÁÁN11 (Fig. 1a ). An offset p-p interaction between two MH + M dimers related to each other by a twofold axis along the c-axis is observed (Fig. 2b) ; the mean interplanar distance of 3.45(2) Å indicates strong p-p interaction [38] . The c-glide plane perpendicular to the a-axis provides that mutually orthogonal stacks interact with each other via hydrogen bonds through Table 3 Geometric parameters of the hydrogen bonds in the structure of 1 and 2 MÁÁÁ cluster of mutually orthogonal stacking dimers forming a polymeric substructure along the c-axis (Fig. 2b) . Moreover, the protonated side of dimer MH Table 3 .
inversion symmetry and with an estimated interplanar distance of $3.52(1) Å, characterizes a strong offset of p-p interaction between the benzoate anions (Fig. 2c) (Fig. 2d) , which runs approximately along the [1, 3, 0] directions throughout the two substructures described above.
The observed synthon MH + M in the crystal structure of 2 is shown in Fig. 1b 
AH27
ii ÁÁÁN15 hydrogen bonds between two adjacent dimers, to form a tape-like 1D polymer (Fig. 3a) . Dimeric pairs of neighbouring polymeric tapes, related by inversion center, are parallel to each other and separated by an interplanar distance of $3.55(1) Å (between the triazine rings), characterising strong offset p-p interactions. Distinct non-interacting pairs of melaminemelaminium tapes, related to each other by the c-glide planes, fulfil the limited region close to y = ÁÁÁ0, ½, 1ÁÁÁ crystallographic planes perpendicular to b-axis, defining positive 2D layers (Fig. 3b) iii . Furthermore, the water O4 and O5 molecules act twicely as acceptor in two hydrogen bonds: N29AH29AÁÁÁO4
ii and N17AH17BÁÁÁO4 ii hydrogen bonds within one dimer and N27AH27AÁÁÁO5 v and N1AH17AÁÁÁO5 i hydrogen bonds of distinct dimers, which can be seen as bridges between low-dimensional arrangements in a 3D network. Although the water molecules are hydrogen bonded to the organic framework in both crystals, the TGA study (Fig. 4) shows a weight loss of about 8% in the temperature range of 90-110 o C, which is close to the theoretical value of 7.85% and 7.96% in 1 and 2, respectively, for the loss of water molecules. Both TGA curves imply that the host framework remains stable below 200°C, upon removing the water molecules. Further heating leads to sublimation of the compounds, what illustrates the quick weight loss of the samples.
Conclusions
Upon self-recognition two new melamine-melaminium aromatic carboxylate dihydrate co-crystals are formed. X-ray single crystal results have been compared with those obtained by theoretical calculations. The quantum-mechanical predicted geometries resulted in a conformation of the AB À anion quite different from that observed in the crystal. These co-crystals are the examples where protonated and non-protonated melamine molecules coexist in the crystalline state. They have important structural properties: besides the strong tendency to dimerize, the protonation site enables interactions with the neighbouring anions, at the same time preserving strong p-p interactions between the triazine rings.
Supplementary material
The X-ray crystallographic data for the structures reported in this paper have been deposited at the CCDC as supplementary data, Table 3 . CCDC Nos. 667507 and 667506 for (1) and (2), respectively. Copies of the data can be obtained on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. E-mail: deposit@ccdc.cam.ac.uk.
